Testosterone was measured in the peripheral blood plasma of normal men by radioimmunoassay. The results were analysed to test for the possible existence of a circadian rhythm, for fluctuations superimposed on any such rhythm, and for day-to-day variations.
INTRODUCTION
A study of the temporal variations in plasma testosterone concentrations in apparently normal healthy men is a necessary preliminary to a study of testosterone secretion under experimental conditions, and the following specific aspects would appear to be significant and were investigated: (i) the average concentration of testosterone in the plasma in any individual throughout the day, and the degree of variation between individuals, (ii) the possible occurrence of a circadian rhythm of plasma testosterone concentration, and if it exists its degree of reproducibility between individuals in terms of both its timing and amplitude, (iii) the possible occurrence of short-term fluctuations in plasma testosterone concentration and (iv) the degree of day-to-day variation within individuals. Determination of these variations is not only of clinical and experimental significance, but is also important to an understanding of the pituitary control of testicular function.
MATERIALS AND METHODS
All the subjects were apparently normal men between 20 and 30 years of age. A normal pattern of activity was maintained throughout the day, and the subjects went to bed and arose at their own accustomed times (approximately 24.00 and 08.00 h, respectively), usually sleeping normally. The (pH 7-0) containing sodium chloride (0-9%, w/v) and Mer¬ thiolate (0-1%, w/v); 0-1% and 0-5% bovine serum albumin (BSA) consisted of PBSM containing BSA (0-1 % or 0-5 %, w/v) respectively. Charcoal (0-5 g) (Norit A, Sigma, Kingston-upon-Thames) was suspended in PBSM (200 ml) containing dextran T-40(5mg) (Pharmacia, Uppsala, Sweden). Testosterone-l,2,6,7-tetratritiated(sp. act. 100 Ci/mmol) was obtained from The Radiochemical Centre, Amersham. Toluene scintillant consisted of 2,5-diphenyloxazole (PPO) (3 g) and l,4-di[2-(5-phenyloxazolyl)] benzene (300 mg) in toluene (1 1), and dioxan scintillant, PPO (5 g) and naphthalene (100 g ) dissolved in dioxan (11). The dioxan was previously purified by refluxing for 2 h with sodium metal followed by redistillation.
Testosterone antibody Testosterone-3-O-carboxymethoxyloxime-bovine serum albumin conjugate (T-BSA) was prepared by the method of Erlanger, Beiser, Borek, Edel & Lieberman (1967) . The conjugate was injected into five adult male Californian rabbits as follows. An initial dose of T-BSA (2 mg/rabbit) was dissolved in 1 ml saline (0-9 %, w/v) and emulsified with 1 ml Freund's complete adjuvant. This was further emulsified in 1 ml aqueous 'Tween 80' (1 %, w/v) and the resultant 3 ml emulsion divided between two injections (1 ml) into the thigh musculature and four dorsal subcu¬ taneous injections (0-25 ml). Booster doses (1 mg) were given similarly at monthly intervals thereafter. Blood was removed from the marginal ear vein 10 days after the second and subsequent booster doses. The antiserum used in this study was coded B3R3FT meaning that this was the blood obtained after the third injection (B3) into rabbit 3 (R3), was fully treated (F), i.e. with BSA and Rivanol, as described by Exley, Johnson & Dean (1971) = 30 pg in 50 µ\ methanol) was added to all the tubes which were then blown down to dryness again. Antibody diluted 2500:1 in 200 µ\ 0-1 % BSA was added to each tube which was then equilibrated overnight at 4°C. After equili¬ bration, the tubes were placed in an ice bath and 100 µ 0-5% BSA were added, followed by 1 ml charcoal. After a 10 min equilibration, the tubes were centrifuged (2000 g for 10 min at 4°C ) and 1 ml supernatant was removed and counted in dioxan scintillant. The reciprocal of the fraction of the tritiated testosterone bound was then plotted against the mass of non-radioactive testosterone present. The same factor was also calculated for the unknown samples and the mass of testosterone present read from the standard curve. The results were corrected for the blank and the efficiency of extraction and expressed as ng testosterone/100 ml plasma.
RESULTS

Testosterone assay
Assay blanks ranged from 5 to 45 pg (mean 30 pg). The intra-assay precision was assessed by measuring each of various samples ten times within a single assay and the inter-assay precision was assessed by measuring similar samples in duplicate in five separate assays. The results are shown in Table 2 . The specificity was tested by comparing the results from ten samples measured by the assay with and without the inclusion of a Chromatographie purification. This consisted of silica gel thin-layer chromatography (CT, Reeves Angel, 0-25 mm thickness) using the solvent system ether:chloroform (1:1, v/v), which separates testosterone from 5a-dihydrotestosterone. Specificity, expressed as the ratio of the results with and without chroma¬ tography, is also shown in Table 2 ; specificity generally ranged between 90 and 100% with a mean of 95 %. Fig. 1 were included in this calculation, except those obtained when GAL was under the influence of a 5 h time shift, and the blocks were compared by i-tests.
The results showed first that the lowest period of the cycle, namely that starting at 20.00 h, differs significantly from each of the three periods constituting the peak of the cycle, that is 04.00, 06.00, 08.00 h ( < 0-001). Secondly, the other two points which constitute the low part of the cycle, 18.00 and 22.00 h, also differ significantly from each of the three high periods (P < 0-05). There were no statistically significant differences (P > 0-05) within the high or within the low periods. Day-to-day variations From the results of daily blood samples taken from three subjects (Fig. 3) (Tremblay, Foley, Corvol, Park, Kowarski, Blizzard, Jones & Migeon, 1972 (Resko & Eik-Nes, 1966) and 806 ng/100 ml (Gordon et al. 1968) , the overall average being 580 ng/100 ml. Our intention was to establish values for the diurnal means in a number of subjects which are relevant to our type of subject and methodology. Fig. 1 shows that the diurnal means of the subjects studied ranged between 320 and 740 ng/100 ml with an average of 480 ng/100 ml. The diurnal mean value forms an important reference point. For There are two main difficulties to be avoided when planning experiments designed to investigate the existence of such a rhythm. The first is that if short-term fluctua¬ tions of lower amplitude are imposed on an overall testosterone cycle, samples taken at intervals of 3 h or more may reflect these short-term changes and obscure an overall diurnal cycle, thus possibly explaining the inconsistent data reviewed above. It has been shown by Murray & Corker (1972) and Naftolin, Judd & Yen (1973) and by the present report that brief fluctuations of this kind do occur. And it is noteworthy that out of the three reports in which no cycle was found, two (Gordon et al. 1968; Boon et al. 1972 ) used sampling periods of 3 and 6 h respectively. By contrast, when samples were taken at 1-5 h intervals (Rose et al. 1972 ) a clear 24 h cycle was revealed. In the present work, by taking samples at hourly intervals throughout the day, it has been possible to distinguish between short-term fluctua¬ tions and overall changes in testosterone levels.
The second problem arises from the influence of disturbance to the sleep pattern of the subjects. It seems that plasma testosterone concentration is influenced by periods of sleep (Evans, Maclean, Ismail & Love, 1971) , and in some of the earlier studies (Boon et al. 1972; Alford et al. 1973) where no diurnal rhythm was shown, sleep was disturbed.
As shown in Fig. 1 all but (Fox, Ismail, Love, Kirkham & Loraine, 1972 ) on a single subject from whom samples were taken at the same time every day for two periods of 7 weeks, showed considerable variation between days, with little evidence of any regular multi-day cycle. Changes in plasma testosterone concentration in this subject were, however, associated with sexual activity rather than being entirely intrinsic. Accord¬ ingly, a study was carried out in three unmarried men who, although most probably exposed to some erotic stimuli, were without sexual partners at the time of the study. The results (Fig. 3) showed marked changes in plasma testosterone concentrations from day-to-day in all three subjects.
Although a regular multi-day cycle has been demonstrated for urinary oestrone and 17-oxosteroid excretion in men (Exley & Corker, 1966) , no such cycle was found for urinary testosterone excretion (Corker & Exley, 1968) and again in the present study no consistent multi-day cycles were apparent in plasma testosterone concentrations. However, it is possible that even if such a cycle did exist, it might not be apparent in the relatively small series of samples presented here and, further¬ more, single daily plasma testosterone values may not give an accurate impression of that day's overall testosterone secretion.
Regime for future blood sampling In order to assess a subject's overall androgenic status it is essential to take blood samples on several days since no one day can be relied upon to be typical. Samples must also be taken at more than one time of the day since the circadian cycle is of variable amplitude and androgen levels may be unusually high or low at one time of the day although the diurnal mean value may be normal. In practice, the number of samples that can be taken and analysed is limited and a compromise solution is unavoidable. For our own work we have selected a regime in which three samples were taken at 10.00 h and three at 16.00 h, all on different but not widely separated days.
In conclusion, it has been demonstrated that in the majority of men who are fully active during the day and who enjoy a normal night's sleep, there is a circadian cycle in plasma testosterone levels with a maximum in the early morning and a minimum in the late evening. Although the timing of these cycles is very similar in different subjects, their amplitude is very variable and the cycle has a series of brief and relatively small fluctuations superimposed upon it. Testosterone levels in blood samples taken daily at the same time of day showed marked variability, but no cyclic character.
